INTRODUCTION
Atherosclerosis is a progressive chronic disease of the arteries [1] [2] [3] [4] [5] . The formation of foam cells in vessel walls, which is the result of excessive ox-LDL uptake by monocyte macrophages, is the hallmark event of early atherosclerosis. Lipid metabolism in monocytederived macrophages is a dynamic equilibrium process [6] . Excess ox-LDL uptake and reduced cholesterol efflux in monocyte-derived macrophages are known to accelerate plaque formation in atherosclerosis and are foam-cells formation will be accelerated [12] . Our previous study has shown that Lanatoside C promoted the formation of atherosclerosis by increasing the expression of SR-A and CD36 [13, 14] . In addition, Rousselle and colleagues reported that CXCL5 could reduce the macrophages foam cell formation in atherosclerosis by increasing the expression of ABCA-1 [15] . Therefore, it is of importance to define the integral factor that is involved in regulating the expression of these lipid metabolic proteins. Naoxintong (NXT), as a China Food and Drug Administration (FDA)-approved cardiac medicine, has been widely used for patients with cardiovascular diseases in China [16] [17] [18] . Our previous study reported the protective effect of NXT in attenuating atherosclerosis, however, detailed underlying mechanisms remain elusive now [16, 19] .
The PPAR family belongs to the steroid hormone receptor superfamily and plays crucial roles in various respects of cell metabolism such as peroxisome proliferation, carbohydrate metabolism and lipoprotein metabolism [20, 21] . PPARα has thus received extensive attention as a potential target of lipid metabolism regulation [11, 22, 23] . In this study, we tested the hypothesis that NXT might attenuate foamcell formation through modulating PPARα pathway.
MATERIALS AND METHODS

Animals
Male ApoE -/-mice on the C57BL/6 background (Beijing Vital River Laboratory Animal Technology Co. Beijing, China) were bred in a house in a pathogen-free facility. Eight weeks old mice fed an atherogenic diet were randomly grouped to receive normal saline (0.1 mL/day, i.g.) or NXT (0.7g/kg/day, i.g.) treatment [24] . The animals were housed individually in the specific pathogen-free barrier facility at constant temperature (20-22℃) and humidity (45%-55%) with a 12-hour light-dark cycle. Eight weeks later, mice were euthanized for further analysis.
Reagents and Cell Culture
Human monocytic cell line THP-1 was cultured and maintained in complete RPMI 1640 (Gibco, Life Technologies), supplemented with 10% (v/v) heatinactivated FBS, penicillin (100 U/ml), streptomycin (100 mg/ml), at 37˚C in a humidified atmosphere containing 5% (v/v) CO 2 . THP-1 cells were differentiated into macrophages by treatment with 100nM phorbol myristate acetate (PMA; SigmaAldrich, Poland) for 24h, and then the adherent macrophages were washed three times with PBS for further experiments [25] [26] [27] . NXT, which was generously provided by Buchang Co (Shandong, China), was added into 6-well dish at a final concentration of 200μg/mL. Fenofibrate (ab120832, Abcam), which is one of the agonists of PPARα, was added at a final concentration of 400ng/mL and GW6471 (Sigma-Aldrich, Poland), which is one of the antagonists of PPARα, was added at a final concentration of 625ng/mL [10, 22, 28, 29] . Cells were treated with these different agents for an additional 24 hrs.
Anti-ABCA-1 (ab18180), anti-ABCG-1 (ab52617), anti-CD36 (ab133625), anti-PPARα (ab8934), antiphospho-PPARα Ser12 (ab3484), anti-SR-A (ab183725), anti-LXR alpha (ab176323), and anti-SR-BI antibodies (ab217318) were obtained from Abcam (Cambridge, MA), and anti-phospho-PPARα Ser21 was purchased from Sigma (St. Louis, Missouri, USA). Anti-β-actin, and secondary antibody (HRP-goat anti-mouse IgG and HRP-goat anti-rabbit IgG) were purchased from Weiao (Shanghai, China).
Human oxidized low-density lipoprotein (ox-LDL) and 1,19-dioctadecyl-3,3,39,39-tetramethylindocarbocyanine perchlorate (DiI) medium ox-LDL were purchased from Yiyuan Biotech (Guangdong, China). NBD-cholesterol (N1148) was purchased from Thermo Scientific (Rockford, IL, USA).
Isolation and Cultivation of Mouse Bone Marrow-derived Macrophages (BMDM)
After cervical vertebra resection, the mice were dropped into 75% ethanol for 20 minutes. At the same time, 1×Erythrocyte lysate (Biolegend) was prepared. Thigh of the mouse was cut and the legs were placed in 75% ethanol for 2 minutes. Then the muscles were removed from the femur and tibia. After cutting off both ends of the femur bone, a 23-gauge needle fulfilled with sufficient amount of PBS was inserted into either side of the bone to flush out the bone marrow cells into a 50 mL tube. Similar procedures were performed on tibia bone. Bone marrow cells were spun down at 1000rpm, for 5 minutes at 4℃ and supernatant was discarded. 5 mL of 1× Erythrocyte lysate was added into the cells to lyse red blood cells, 2 minutes later 20 mL PBS was added to stop the reaction and cells were spun down again. Finally, cells were resuspended in complete RPMI 1640 medium supplemented with 10 ng/mL MCSF and seeded into 6-well plate at a density of 1×10 6 cells/mL. The culture medium was replaced every 2 days until day 7 when macrophages could be harvested.
DiI-ox-LDL Uptake Assays
THP-1 or BMDM cells were serum starved for 6 hrs before being co-incubated with NXT (200ug/mL), fenofibrate (400ng/mL), or GW6471 (625ng/mL) for another 6 hrs. Then DiI-labeled oxidized LDL (DiI-Ox-LDL) (50 mg/mL) was added in the medium. Cells were fixed in phosphate-buffered 4% formalin for 10 min and detected by Leica fluorescence microscope with laser excitation at 458 nm.
Cholesterol Efflux Assay
THP-1 or BMDM cells were treated with NXT (200μg/mL), fenofibrate (400ng/mL), or GW6471 (625μg/mL) for 12 hrs before being equilibrated with NBD-cholesterol (1 ug/mL) for an additional 6 hrs. The NBD-cholesterol-labelled macrophages were washed three times with cold PBS, then incubated in no phenol red DMEM containing 0.2% (w/v) fatty acid-free BSA or ApoA-I (10 ug/mL) for 6 hrs, and finally rinsed twice with PBS. The level of fluorescence-labelled cholesterol in the medium was measured using a multilabel counter (PerkinElmer, Waltham, MA, USA). Cholesterol efflux was expressed as a percentage of fluorescence in the medium relative to the total amount of fluorescence previously added.
Oil Red O Staining
THP-1 or BMDM cells (3× 10 5 cells/mL) were cultured overnight on chamber slides (Nalge Nunc International) in DMEM containing 10% FBS and 100 U/mL penicillin/streptomycin. The cells were serumstarved for 12 hrs and subsequently treated with NXT (200ug/mL), fenofibrate (400ng/mL), GW6471 (625ng/mL) or ox-LDL (100ug/mL) for an additional 24 hrs. Upon fixation with paraformaldehyde (4%), the cells were stained with 0.3% oil red O for 20 minutes. Hematoxylin was used as a counterstain, and cells were evaluated on Leica microscope. The stained cells were also eluted with isopropanol, and the supernatant was collected; the OD of the extracts was measured at 540 nm [14] .
Immunoblotting
Total cell lysates of THP-1 cells and BMDM were separated by 8-12% SDS-polyacrylamide gels and then transferred to nitrocellulose membranes. The membranes were blocked for 2 hrs in 5% BSA dissolved in Tween/PBS buffer, then incubated with different dilutions of the indicated primary antibodies at 4°C overnight. Membranes were then incubated with either anti-mouse or anti-rabbit HRP-conjugated IgG at room temperature for 2 hrs prior to detection by ECL substrate (Thermo Scientific). Protein expression levels were semi-quantitatively analyzed using densitometry analysis. Above antibodies were diluted with the antibody solution before use (Millipore).
Lentivirus Infection
The PPARα knockdown lentivirus was purchased from Genechem Co., LTD (Shanghai, China). An empty vector was constructed in the same manner as a negative control. All the experiments were conducted according to the manufacturer's protocol. THP-1 derived macrophages were 60-80% confluent and the cells were washed twice with 1 mL PBS. In our preliminary experiment, different doses of GFP-labelled lentivirus were added to the cells and infection efficiency was determined. The obtained optimal multiplicity of infection (MOI) was used for further lentivirus infection experiments. Infected cells were washed with new culture media for subsequent experiments.
Quantification of Foam Cells in Plaques
F4/80 staining was performed to mark macrophages in plaques, and then macrophage-derived foam cells were quantified. Plaque size and the mean number of foam cells with droplets in plaques were also determined for further calculation. Plaque foam cell content was calculated with the help of ImageJ. Foam cell numbers were counted in five different visual areas for each mouse (from each group, n = 8-9 mice).
Statistical Analysis
The data are presented as the mean ± standard error of the mean. Statistical significance was determined using one-way analysis of variance, followed by post hoc tests (Newman-Keuls) where appropriate. Student's t-test was used to evaluate twotailed levels of significance. A P-value <0.05 was considered statistically significant. All statistical analyses were performed using GraphPad Prism 5.0 (Graph Pad Prism Software Inc, San Diego, CA, USA) and SPSS software (version 17.0, SPSS Inc., Chicago, IL, USA) for Windows.
RESULTS
NXT Reduces Macrophage Foam Cell Accumulation in vivo
Our previous experiments showed that NXT significantly reduced atherosclerosis in LDLR −/− Mouse [16] . To identify whether NXT could also affect the accumulation of macrophage-derived foam cells in plaques, foam cells were counted on sections of the thoracic artery from ApoE −/− mouse. As shown in Fig. 1 , the number of F4/80+ macrophages containing lipid droplets was significantly lower in NXT group than that in the Normal saline group, and NXT reduced the number of F4/80+ macrophage foam cells by 28%. These results demonstrated that NXT significantly reduced the percentage of macrophage-derived foam cells residing in atherosclerotic plaques in ApoE −/− mice.
NXT Reduces ox-LDL Uptake Both in THP-1 and in BMDM in vitro
It is well-known that the imbalance between the uptake and efflux of ox-LDL is the major cause to accelerate foam cell formation in macrophages. So we chose the THP-1 and BMDM as models for exploring whether NXT could regulate ox-LDL uptake in macrophages. Cells were divided into 6 groups: ox-LDL, ox-LDL+NXT, ox-LDL+fenofebrate, ox-LDL+GW6471 or NXT.
As shown in Fig. 2A-2D , after 24 hours incubation, NXT significantly reduced the foam cell formation both in THP-1 and BMDMs. To investigate the underlying mechanism of NXT-induced macrophage functional change, fenofibrate, a well-known hypolipidemic drug and PPARα agonist, was used as a positive control and GW6471, a well-known PPARα antagonist, was used as a negative control. As expected, fenofibrate could also remarkably decrease foam cell formation, but GW6471 highly promoted foam cell formation. In order to further confirm our results in NXT-induced . Effects of NXT on ox-LDL cellular uptake and cholesterol efflux both in THP-1 derived macrophage and BMDM (F represents for fenofibrate, a well-known hypolipidemic drug and PPARα agonist. G represents for GW6471, a well-known PPARα antagonist). A -D After 6h starvation, macrophages were exposed to different treatments for another 24h. Finally, cells were stained with Oil Red O for detecting. A is THP-1 derived macrophages and C is bone marrow derived macrophages (n=5). B and D Statistical quantification of Oil Red O staining in macrophages. B is THP-1 derived macrophages and D is bone marrow derived macrophages. E and F DiI-ox-LDL cellular uptake in macrophages. E is THP-1 derived macrophages and F is bone marrow derived macrophages (n=5). G and H Statistical quantification of DiI-ox-LDL uptaking in macrophages. G is THP-1 derived macrophages and H is bone marrow-derived macrophages. All data were expressed as mean ± SEM. *p ＜0.05, compared with treatment of ox-LDL. I and J Cells were exposed to different treatments for 12h, after 3 times washing with cold PBS, NBD-cholesterol was added into the medium and cells were incubated for another 6h. Finally, cells were cultured in DMEM (no phenol red) medium containing 0.2% (w/v) fatty acid-free BSA or ApoA-I (10ug/mL) for 6 hrs (n=5). The supernatant was collected for detection. I NBD-cholesterol efflux in THP-1. J NBD-cholestrol efflux in BMDM. All data were expressed as mean ± SEM. *p ＜0.05, compared with treatment with ox-LDL. ox-LDL cellular uptake reduction, we labeled ox-LDL with the DiI dye, which has a strong red fluorescence. As highlighted by our fluorescent microscopy images, the cellular uptake of these ox-LDL was found to be inhibited by NXT (Fig. 2E-2H) . Similar results were also noticed after fenofibrate treatment, while GW6471 significantly increased cellular uptake in macrophages. These data indicated that NXT could significantly reduce ox-LDL uptake in macrophages and these effects might be mediated by the activation of PPARα.
NXT Enhances Cholesterol Efflux Both in THP-1 and BMDM
To demonstrate whether NXT could enhance cholesterol efflux ability in recipient cells, THP-1 and BMDM were subjected to cholesterol efflux assays. As shown in Fig 2I and 2J, 
The Expression of Key Proteins Implicated in ox-LDL Uptake and Cholesterol Efflux were Altered by NXT Both in Human Macrophage (THP-1) and BMDM
Above results have shown that NXT could reduce macrophage-derived foam cell formation by decreasing ox-LDL cellular uptake and increasing cholesterol efflux, and these effects might be mediated by the activation of PPARα.
To determine the specific molecular mechanism by which NXT regulated macrophage-derived foam cell formation, we investigated the expression changes of key proteins implicated in lipoprotein metabolism in macrophages. As shown in Figs. 3 and 4 , NXT significantly reduced the expression of proteins involved in ox-LDL cellular uptake in macrophages such as SR-A, SR-B and CD36. In contrast, NXT up-regulated the expression of cholesterol efflux-promoting proteins such as ABCA-1 and ABCG-1. Similar results were also observed in macrophages treated with fenofibrate. However, GW6471 showed the totally opposite effects.
These protein expression changes further led us to ask whether PPARα played the key role in NXTinduced foam cell formation reduction. So, we determined the PPARα expression and activation changes in the presence of NXT. Our results showed that NXT effectively up-regulated the expression of PPARα and activated the protein at two sites at the same time (phosphorylated-PPARα Ser 12 and phosphorylated-PPARα Ser 21). Interestingly, these results were further confirmed in fenofibrate group which is a commonly used clinic hypolipidemic drug and PPARα activator. But these effects were significantly abolished in the presence of GW6471 which is a well-known PPARα inhibitor. Surprisingly, we also observed that NXT has no effect on the expression of these proteins in the absence of ox-LDL. Collectively, these results suggest that NXT might regulate the expression of key proteins implicated in macrophage lipoprotein metabolism through activating PPARα pathway, thereby regulates ox-LDL uptake and cholesterol efflux in macrophages.
PPARα Plays an Integral Role in NXT Mediated Regulation of Macrophage-derived Foam Cell Formation
In order to further confirm the specific contribution of PPARα in NXT on foam cell formation regulation, a PPARα knockdown treatment was introduced in THP-1 derived macrophages (PPARα -/-macrophages).
To investigate the lentivirus knockdown efficiency, THP-1 derived macrophages were exposed to three different lentiviruses: V18161, V18162 and V18163. Finally, V18162 was selected for its high PPARα knockdown efficiency and low cytotoxicity and this lentivirus was used subsequently for all future experiments (Fig. 5A) .
In cellular uptake assays, the results showed PPARα knockdown treatment remarkably promoted the malignant phenotypes cured by NXT (Fig. 5C-5F ). More importantly, with the treatment of PPARα knockdown, no significance was detected between PPARα -/-+ox-LDL and PPARα -/-+ox-LDL+NXT group. In cholesterol efflux assays, PPARα -/-abolished the cholesterol efflux promoting effects of NXT in macrophages (Fig. 5G) . Taken together, all these data addressed this issue and indicated that PPARα might be the integral component in NXT-induced foam cell formation reduction.
Protein Expression Changes in Human Macrophages After PPARα Lentivirus Knockdown
To validate the data obtained above, we investigated protein expression changes after NXT treatment in PPARα -/-cell models. After PPARα knockdown models were established, cells were treated with ox-LDL and NXT. 24 hours after treatment, immunoblotting against different antibodies demonstrated the loss of function of NXT on foam cell formation. Neither proteins involved in ox-LDL cellular uptake nor cholesterol efflux could be regulated by NXT in PPARα -/-cells ( Fig. 6A-6I ). More importantly, no significant difference was observed in the presence of NXT after PPARα knockdown, and PPARα could not be effectively activated either. To conclude, our results indicated that NXT could reduce macrophage-derived foam cell formation and these effects were partly mediated by PPARα pathway.
DISCUSSION
Monocyte-derived macrophage foam cell formation is a hallmark of atherosclerosis [30, 31] . In view of the complexity of macrophage-derived foam cell formation, Fig. (3) . Changes of key protein expression implicated in the ox-LDL uptake and cholesterol efflux in THP-1 macrophages (F represents for fenofibrate, a well-known hypolipidemic drug and PPARα agonist. G represents for GW6471, a well-known PPARα antagonist). A. After PMA-induced differentiation, THP-1 derived macrophages were exposed to different treatments. Cell lysates of THP-1 were extracted for western blot to determine the protein levels of ABCA-1, ABCG-1, SR-A, CD36, SR-BI, PPARα, p-PPARα Ser21, p-PPARα Ser12, LXR and β-actin (n=5). B-J Relative expression of different proteins. The control group was set to 1. All data were expressed as mean ± SEM. *p ＜0.05, compared with treatment with ox-LDL. % Dil-ox-LDL uptake it is becoming increasingly important to explore the dynamic regulatory mechanism of lipid metabolism. The combined regulation of lipid uptake and cholesterol efflux opened an unprecedented opportunity for drugs to inhibit the formation of foam cells [32] . To our knowledge, this is the first study to show that NXT inhibits foam cell formation by dynamically regulating the lipid metabolism in macrophages. As shown in results, NXT plays an important role in reducing macrophage-derived foam cell accumulation in vivo and decreasing macrophage-derived foam cell formation in vitro. In ApoE −/− mouse model, our results showed that NXT significantly decreased the number of foam cells in plaques. And these results were further confirmed by studies of THP-1 cell line and bone marrow-derived macrophages. These data served as direct evidence that NXT inhibits the foam cells formation in atherosclerosis (Fig. 7) .
Due to species differences between animals and humans, animal studies alone are not sufficient to adequately reflect the specific mechanism of a drug in humans. In order to better study the effects of NXT on macrophage-derived foam cell formation and promote the medical application translation, we chose THP-1 and BMDM as models for our study. THP-1, a stable human monocytic cell line, was used to evaluate the effects of NXT on the human macrophages. BMDM, a primary macrophage derived from bone marrow, was used to evaluate the effects of NXT on the macrophages in mice. Our results showed that NXT could exhibit similar effects both in human cell lines and animals. So, the results we demonstrated here have successfully built a bridge between the molecular mechanisms study in animals and pharmaceutical efficacy evaluation in human.
The dynamic regulation process of lipid metabolism consists of two parts: lipid uptake and cholesterol efflux. SR-A and CD36, which are the central proteins implicated in the process of lipid-uptake, were detected in our study. Previous studies have shown that upregulation of SR-A and CD36 significantly increases ox-LDL uptake in macrophages and promotes foam cell formation. But in our results, the expression of SR-A and CD36 was significantly reduced in macrophages co-cultured with NXT, and these changes were especially obvious in bone marrow-derived macrophages. Our observations suggested that NXT-induced SR-A and CD36 expression reduction in the presence of ox-LDL may be responsible for decreased ox-LDL uptake and foam cell formation [33, 34] .
Cholesterol efflux is another vital way in maintaining lipid homeostasis in cells. ABCA-1 and ABCG-1 are two major regulators in intracellular free cholesterol transfer [35] . Previous studies have shown that overexpression of ABCA1 and ABCG1 effectively enhanced cholesterol efflux in foam cell. On the contrary, the down-regulation of ABCA-1 and ABCG-1 will further promote foam cells formation. Therefore, we investigated the regulatory role of NXT on protein expression of ABCA-1 and ABCG-1 and we observed a remarkable upregulation of these two proteins. And these changes could be better supporting evidence for the observations in increased ApoA-I-mediated cholesterol efflux after NXT treatment.
By exploring the molecular mechanism, the protective effects of NXT appeared to be mediated, at least in part, by activating PPARα pathway [36] . PPARα could promote lipid degradation by regulating the expression of lipolytic genes [23] . A previous study has reported that dietary magnesium could reduce lipid accumulation in yellow catfish through PPARα pathway. Some other studies indicated that fenofibrate, a drug used for the treatment of hyperlipidemia, could promote the cellular cholesterol efflux by phosphorylating PPARα [37, 38] . Earlier studies would fit nicely with the present results regarding the downregulation of SR-A and CD36 and upregulation of ABCA-1 and ABCG-1 by NXT, accompanied by increased PPARα protein expression. We further detected the phosphorylated level of PPARα Ser12 and PPARα Ser21, both of them were significantly increased in the group of NXT and fenofibrate [39, 40] . This finding indicated that NXT not only increases the expression of PPARα but also plays an important role as an agonist in reducing foam cell formation. In order to better explore the role of PPARα pathway in NXT induced foam cell formation reduction, we used GW6471, a PPARα specific inhibitor, as a negative agent. It was not surprising to observe that foam cell formation was more serious when macrophages were co-cultured with ox-LDL and GW6471 [29] . Compared with NXT group, the expression of ABCA-1 and ABCG-1 was significantly decreased, while the expression of CD36 and SR-A increased remarkably. Significantly decreased protein expression and phosphorylation level further confirmed the integral role of PPARα in NXT induced reduction of foam cell formation from the opposite side. Taken together, our study used both positive validation and negative validation to show the mechanism linked with the effect of NXT on foam cell reduction is mediated through PPARα pathway.
Lentivirus gene knockdown has become an important way to study the function of a specific gene. With the help of establishment of PPARα -/-macrophages, we further deepened our understanding of the potential integral role of PPARα in NXT-induced foam cell formation reduction. In the functional analysis, NXT has no effect on ox-LDL uptake or cholesterol efflux post-PPARα knockdown. As for proteins implicated in ox-LDL uptake or cholesterol efflux, no significant expression changes were detected on cells exposed to NXT post lentivirus PPARα knockdown. All these results suggested that NXT reduces foam-cell formation by upregulating and activating PPARα pathway.
CONCLUSION
In summary, our results provide convincing evidence that NXT reduces foam cell formation both in vivo and in vitro. These effects appear to be mediated by upregulation and activation of PPARα pathway. And future studies should employ more molecule-specific Fig. (6) . Key proteins expression change implicated in the uptake and cholesterol efflux after PPARα knockdown in macrophages (PPARα -/-represents for PPARα knockdown macrophages). A PPARα knockdown abolished NXT effects on macrophage-derived foam cell formation. Cell lysates of PPARα -/-macrophages treated with ox-LDL and NXT were subjected to western blot to determine the protein levels of ABCA-1, ABCG-1, SR-A, CD36, SR-BI, PPARα, p-PPARα Ser21, LXR and β-actin (n=5). B-I The control group was set to 1, and all the other prorein levels fold change were compared with the control. All data were expressed as mean ± SEM. *p ＜0.05 by Student t test. methods for building a more complete intermolecular network. 
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